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Extracellular vesicles (EVs) are essential nanoscale mediators of intercellular communication, holding sig-
nificant potential as early disease biomarkers and therapeutic agents. Present in biological fluids like
blood, EVs and their molecular cargo can be detected in liquid biopsies for diverse diagnostic and thera-
peutic applications. However, the availability of patient samples is often limited for such research. To
tackle this challenge and gain insights into in vivo disease mechanisms, in vitro production of EVs from
the cell culture models that closely mimic in vivo conditions has become an essential tool. While 2D cell
culture has been the standard for high-throughput studies for decades, 3D cell culture is emerging as a
more physiologically relevant in vitro tool for mimicking in vivo environments and providing deeper
insights into disease. However, there is currently a lack of literature synthesizing and comparing the
effects of 3D versus 2D cell culture models on EV production and analysis. In this review, we examine
recent studies that compare the impacts of 3D and 2D cell culture models on EV yield, composition, and
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bioreactors. Details of each model's impact on EVs compared to 2D cell culture are presented.
Furthermore, we discuss the advantages and limitations of these 3D models as identified in individual
rsc.li/nanoscale studies, offering insights to guide future research directions in this evolving field.
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1. Introduction
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membrane-bound vesicles.' ™ Since then, research has revealed
their critical role in intercellular communication and biologi-
cal processes, such as cancer progression, positioning them as
promising disease biomarkers and therapeutic agents.* " EVs
are nanoscale particles released by cells into the surrounding
extracellular environment, carrying biomolecular cargo such as
nucleic acids, proteins, and lipids from their parent cells.>®"?
They influence neighboring cells through cargo delivery and
expression of surface markers that facilitate cell targeting and
activate intracellular signaling pathways.'>** Additionally, EVs
function in waste management by removing damaged meta-
bolic components.”® EVs are divided into three primary types:
exosomes, microvesicles, and apoptotic bodies, distinguished
by their composition, size, biogenesis, and function.'®
Secreted by organisms ranging from prokaryotes to mammals,
EVs can be isolated from all bodily fluids, such as blood,
saliva, and urine, making them easy to detect in liquid
biopsies.?

EVs are gaining attention as effective biomarkers for
disease diagnosis and prognosis due to their overexpression in
various diseases, their role in intercellular communication,
and their ability to preserve the molecular cargo of their
parent cells."” Studies are increasingly exploring the use of EVs
and their cargo for early disease detection."®>” While many of
these studies have focused on analyzing patient-derived EVs
from bodily fluids such as urine and plasma, patient samples
are scarce, limiting their availability for high-throughput bio-
marker screening.'®'%**22” Tg address this, in vitro models,
particularly cell culture, are essential for investigating the
molecular characteristics of EVs and enabling high-throughput
analyses. Cell culture allows researchers to grow and maintain
cells outside their natural environment, providing a controlled
system to study disease characteristics and drug responses.>®
This method has played a crucial role in EV biomarker discov-
ery, particularly for diseases like breast and prostate cancer,
through the culture of disease-specific cell lines, media collec-
tion, EV isolation, and subsequent analysis.>**°

Since the early 1900s, 2D cell culture has been the gold
standard for cell biology research, disease-modeling, and drug
discovery, leading to breakthroughs such as studying the
effects of antibiotics on tissues,® developing polio vaccines,*
creating specialized cell lines,* and reprograming adult cells
into induced pluripotent stem cells (iPSCs).** However, 2D
culture oversimplifies key in vivo features, including the micro-
environment, intercellular communication, and cell mor-
phology.®® In response, various 3D culture techniques are
increasingly being used to better replicate in vivo conditions by
supporting the growth of cells within three-dimensional
matrices.>®

Currently, a wide range of 3D cell culture models are avail-
able, broadly categorized into scaffold-free and scaffold-based
methods.?” Scaffold-free models, like spheroids, rely on cell-to-
cell adhesion to self-assemble into 3D aggregates in suspen-
sion, often utilizing platforms like ultra-low attachment (ULA)
plates.>”*® Whereas, scaffold-based method, including hydro-
gels, rigid scaffolds, bioreactors, and microcarriers, use
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exogenous materials to mimic the native extracellular matrix,
providing structural integrity.?”

Recent studies have compared the effects of novel 3D cell
culture with conventional 2D culture on EV productions, focus-
ing on aspects such as EV secretion, morphology, cargo
content, and functionality. This emerging body of research
highlights the significant differences in vesicle production and
composition between the two culture systems, suggesting that
3D models may better mimic the in vivo environment and
influence cellular behavior more effectively, as demonstrated
through higher EV yields with increased activity, complexity,
and similarity to native EVs.

This review aims to comprehensively evaluate the impact of
3D versus 2D cell culture models on EV production, cargo, and
function. While previous literature has investigated the impact
of cell culture conditions, such as cell passage and EV iso-
lation techniques, on some aspects of EV properties and func-
tionality, existing reviews focus on specific model types and
lack direct comparisons between 2D and different 3D
systems.*>®*° This review is, to our best knowledge, the first to
investigate the impact of various 3D versus 2D culture models
on EVs by synthesizing findings from multiple primary
studies. By comparing these models across studies, we identify
their relative advantages, limitations, and translational poten-
tial for EV-based diagnostics and therapeutics, providing a
roadmap for future innovation in EV research.

2. Comparing the characteristics of
EVs collected from 2D vs. 3D cell
culture

The following section is organized by 3D cell culture models
(Fig. 1 green box), beginning with scaffold-free spheroids, fol-
lowed by scaffold-based approaches, which are further categor-
ized into hydrogels, rigid scaffolds, and bioreactor systems.

2.1 Scaffold-free 3D models: spheroids

2.1.1 Low attachment culture plates and dishes. Low
attachment (also referred to as non-adherent) plates prevent
cell attachment to the surface, promoting 3D spheroid for-
mation through cell-to-cell aggregation.”’ These plates are
often coated with a hydrophilic polymer, like poly-HEMA, that
minimizes protein and cell adhesion.*” Major advantages of
low-attachment culture vessels include their low cost, ease of
implementation, and ability to promote cell-to-cell adhesions,
making them particularly useful for modeling in vivo-like con-
ditions.** However, protocols often require centrifugation,
which can introduce shear stress and lead to cell damage.*?
Larger spheroids may also experience limited oxygen and
nutrient diffusion, leading to necrotic cores.** Additionally,
these systems lack extracellular matrix (ECM) components that
are found in scaffold-based models and do not provide the
dynamic culture conditions offered by bioreactors, limiting
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Fig. 1 Schematic illustration of the various 2D and 3D cell culture techniques and their downstream EV analyses.

their physiological relevance compared to more advanced 3D
culture systems.**

2.1.1.1 Non-adherent microwell plates. One study compared
EVs derived from PANC-1 pancreatic cancer cells cultured in
3D spheroids using ultra-low attachment (ULA) 96-well plates
versus 2D monolayers in 24-well plates.**> Spheroids were
formed by centrifuging cell suspensions and incubating on a
rotary shaker for 24 hours. After 24 hours, compact spheroids
were retained, and loose aggregates were discarded. On Day 5,
conditioned media (supplemented with 10%
depleted fetal bovine serum (FBS)) were collected from both
models, centrifuged to remove debris, and exosomes were iso-
lated using a commercial kit and 220 nm filtration.

Transmission Electron Microscopy (TEM) showed EVs pri-
marily ranged from 40-150 nm, though size distribution differ-
ences between 2D and 3D conditions were not assessed. Both
TEM and RNA-selective stain fluorescence imaging revealed
significantly higher EV secretion from 3D spheroids (Fig. 2A).
Quantitative real-time PCR (qRT-PCR) analysis examined six
specific miRNAs in 2D cells, 3D spheroids, and their corres-
ponding exosomes (Fig. 2B). miRNA expression was consist-
ently higher in exosomes than in parental cells. Among exoso-
mal miRNAs, miR-96 showed no significant difference
between 2D and 3D cultures, miR-4454 was significantly lower
in 3D-derived exosomes, while miR-1246, miR-21, miR-17-5p,
and miR-196a were significantly enriched in 3D-derived exo-
somes. Protein was extracted and quantified from exosomes
and parent cells with a total exosome RNA & protein isolation
kit, with GPC-1 levels measured via Enzyme-Linked
Immunosorbent Assay (ELISA). Exosomes from 3D spheroids
exhibited a 4-fold increase in GPC-1 levels compared to those

€xosome-
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from 2D cultures, as well as both 2D and 3D parent cells,
suggesting that the 3D culture environment may enhance
exosome sorting mechanisms (P < 0.001) (Fig. 2C).

Overall, this 3D scaffold-free culture generated spheroids
that secreted significantly more EVs, enriched with specific
genomic and proteomic cargo, offering valuable insights into
disease mechanisms and pathways. Supporting the increased
EV production in non-adherent 96-well plates, a study found
that culturing bone marrow-derived mesenchymal stem cells
(BM-MSCs) on poly-HEMA-coated 96-well plates led to a
greater than 2-fold increase in EV production compared to 2D
cultures by day 5 (p < 0.001).*?

In contrast, a study comparing 2D and 3D cultures of
BM-MSCs using non-adherent 96-well plates found no
enhancement in EV yield, morphology, or cargo in the 3D
model.”® EVs were comparable across conditions, with 2D-
derived EVs showing greater protein diversity. Interestingly,
3D-derived EVs exhibited pro-inflammatory and pro-fibrotic
effects, indicating reduced therapeutic potential. The absence
of EV enhancement may be due to the premature transition to
serum-free media just 24 hours after cell seeding, which may
have limited spheroid maturation.?” Additionally, the high cell
seeding density (2.5 x 10" cells per well) likely impaired nutri-
ent and oxygen diffusion within the spheroids, reducing cell
viability and EV secretion from the cells deep within the
spheroid.*®

2.1.1.2 ULA culture dish. While ULA microwell plates are
commonly used for high-throughput 3D cell culture appli-
cations, ULA dishes provide a larger surface area that allows
for the culture of more cells, offering distinct advantages in
generating larger spheroids or aggregates in a more open

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Comparing exosome properties between 2D and 3D scaffold-free cell culture (A) quantity of exosomes per field (n = 5) observed from TEM
analysis. (B) miRNA expression levels in 2D PANC-1 cells, 3D PANC-1 spheroids, and their exosomes, normalized to U6 and presented as mean +
SEM (*P < 0.05, **P < 0.01). (C) Glypican-1 (GPC-1) expression levels measured by ELISA in 2D PANC-1 cells, 3D PANC-1 spheroids, and corres-
ponding exosomes. Results presented as mean + SEM (**P < 0.01). Reproduced with permission from ref. 45. © 2021, Elsevier B.V.

culture environment. Exosomes from dental pulp stem cells
(DPSCs) cultured as 3D spheroids in ULA dishes were com-
pared to those from cells grown in monolayer flasks to assess
their therapeutic efficacy on periodontitis and colitis.*® Cells
were grown in culture media with 10% exosome-depleted
FBS. Exosomes were isolated from the cell media of both
culture conditions using a multistep centrifugation process
to remove debris, followed by ultracentrifugation and a PBS
wash.

A Bicinchoninic Acid (BCA) Assay and Nanoparticle
Tracking Analysis (NTA) revealed a significant increase in 3D-
derived EV yields compared to 2D. NTA results showed that a
2-day culture of 1 x 107 DPSCs produced significantly more 3D-
exosomes (3D-exos) per mL than 2D-exosomes (2D-exos)
(Fig. 3A). Similarly, the BCA assay showed that 3D culture pro-

This journal is © The Royal Society of Chemistry 2025

duced 2.23 mg of exosomes, significantly higher than the
0.36 mg yield from 2D culture (Fig. 3B). miRNA sequencing
identified 28 differentially expressed miRNAs in 3D-derived
exosomes compared to 2D, with miR-1246 showing the most
significant change (8.58-fold increase). The 3D model revealed
miR-1246s role in downregulating the Nfat5 gene, a regulator
that inhibits Th17 differentiation. This downregulation helped
restore the Th17/Treg balance, contributing to the ameliora-
tion of periodontitis and colitis.

The study also compared 3D-exos vs. 2D-exos’ ability to sup-
press periodontitis and colitis using mouse models mimicking
both diseases. Mice treated with 3D-exos had the greatest
reduction in disease severity, demonstrated through the lowest
alveolar bone loss (Fig. 3C), lower disease activity index scores
(Fig. 3D), lower body weight loss (Fig. 2E), and longer colons
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Fig. 3 EVs derived from DPSCs cultured in 2D (2D-exos) versus 3D spheroid cell culture (3D-exos). (A) NTA-generated particle sizes and concen-
trations of 2D-exos and 3D-exos. (B) 2D and 3D exosome yields quantified by BCA assays. (C) Alveolar bone loss in 2D-exos and 3D-exos evaluated
by measuring the distance from the cementoenamel junction to the alveolar bone crest (CEJ-ABC). (D) Disease activity index (DAI) and (E) body
weights in each group (n = 6). (F) Colon length in each group (n = 6 per group). (G—1) gRT-PCR analysis of TNF-a, IL-1f, and IL-6 gene expression
levels in the colon across all groups (n = 6). SEM represented as error bars. *P < 0.05. Reproduced from ref. 48, under a Creative Commons
Attribution 4.0 International License. © 2021, Springer Nature.

(Fig. 2F). 3D-exos also experienced reduced inflammation, ment.>! However, the mechanical forces generated by agitation
showing fewer immune cells and lower inflammation in can lead to cell damage.’
colonic tissues. Further, this can be corroborated with a RT- 2.1.2.1 Petri dish with gyratory shaker. EVs from human
gPCR analysis which revealed 3D-exos reduced pro-inflamma- choriocarcinoma (JAr) and endometrial adenocarcinoma
tory genes (IL-1p, IL-6, TNF-a) more effectively than PBS or 2D-  (RL95-2) cells were compared between spheroid cultures on a
exos (Fig. 2G-1). gyratory shaker and conventional 2D monolayer cultures.”® In
The ULA culture of DPSCs generated a higher yield of exo- both conditions, cells were cultured for 48 hours, then transi-
somes with improved efficacy in suppressing periodontitis and tioned to serum-free medium for 6 hours before EV collection.
colitis. The significant upregulation of miR-1246 in 3D culture EVs were isolated using centrifugation, filtration, and size
provided a mechanistic understanding of its superior thera- exclusion chromatography.

peutic effects, highlighting its role in downregulating Nfat5 Fluorescence-NTA was used to determine the size and con-
and restoring the Th17/Treg balance to treat periodontitis and centration of EVs. The 3D culture condition yielded a signifi-
colitis. cantly higher concentration of EVs compared to 2D culture,

2.1.2 Agitation-based spheroid formation. The agitation- with a total particle count showing approximately a 1.5-fold
based method requires continuous agitation of cells, through increase. The size distribution graph revealed that most EVs
techniques such as shaking, preventing surface adhesion and from both conditions were primarily in the 100-200 nm size
facilitating cell aggregation for spheroid formation.*>*® This range, with no significant differences in average size between
approach enhances nutrient distribution, facilitates waste 3D and 2D cultures. Proteomic analysis via label-free mass
removal, and maintains a homogeneous culture environ- spectrometry revealed distinct differences in the cargo of 2D

15114 | Nanoscale, 2025, 17, 15110-15131 This journal is © The Royal Society of Chemistry 2025
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and 3D cell-derived EVs. A total of 1313 proteins were detected,
with 1204 in 3D-derived EVs and 1159 in 2D-derived EVs. Of
these, 1102 proteins were common to both groups, while 102
were unique to 3D-derived EVs and 57 to 2D-derived EVs.
Differential expression analysis identified 153 differentially
expressed proteins (DEPs) in 3D-derived EVs, with 120 upregu-
lated and 33 downregulated. Pathway analysis revealed that
proteins unique to 3D-derived EVs were significantly enriched
in cell and focal adhesion, cytoskeleton regulation, and key sig-
naling pathways such as Ras signaling and PI3K-Akt signaling,
suggesting that 3D-derived EVs may play a more prominent
role in regulating cellular processes like migration, adhesion,
and signal transduction. Interestingly, 2D-derived EVs induced
a greater stimulation of endometrial epithelial cells (EECs), as
evidenced by the increased secretion of Milk fat globule-EGF
factor 8 protein (MFGES) in response to 2D-derived EVs. RL95-
2 cells were treated with 2D and 3D JAr-derived EVs for
24 hours, and MFGES secretion was measured with ELISA. The
results showed higher MFGE8 secretion in cells treated with
2D-derived EVs, indicating that 2D trophoblastic EVs have a
stronger impact on EEC signaling compared to 3D-derived
EVs.

Overall, the 3D agitation-based spheroid culture produced a
higher concentration of EVs with similar sizes to those from
2D culture, enriched proteomic cargo, but demonstrated lower
potency in stimulating EEC signaling.

2.1.3 Hanging-drop method. Hanging drop involves
placing small droplets of cell suspension upside-down on a lid
or flat surface, where gravity and surface tension promote cell
aggregation and spheroid formation.>® By adjusting droplet
volume and cell density, spheroid size can be precisely con-
trolled, enabling reproducible formation of uniform
aggregates.*>**>* This technique is inexpensive, does not
require specialized equipment, and is suitable for moderate-
throughput applications.**> However, it lacks ECM com-
ponents and dynamic culture conditions, which may limit
physiological relevance. Additionally, media exchange can be
technically challenging and labor-intensive, making it less
practical for long-term or large-scale studies.**>>

The differences in exosome production from BM-MSCs cul-
tured in a 3D hanging-drop (HD) culture system versus a mono-
layer culture were evaluated.*”> BM-MSCs were grown in culture
media with 10% exosome-depleted FBS, and exosomes were
isolated using a precipitation-based method. Exosome
secretion was quantified by measuring exosome protein con-
centration using a Nanodrop instrument and normalizing to 1
x 10> cells. 3D HD cells secreted significantly more exosomes
per cell than 2D cultured cells, with a 2-fold increase observed
on day 5 of cell culture (p < 0.01). Although exosome pro-
duction differed significantly between the culture conditions,
no other EV properties were assessed.

2.2 Scaffold-based 3D models: hydrogels

Hydrogels are cross-linked polymer networks that retain water
and mimic the ECM, providing structural support, biochemi-
cal cues, and controlled mass transport for 3D cell culture,

This journal is © The Royal Society of Chemistry 2025
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unlike scaffold-free models which depend solely on cell-cell
interactions.”® Their low cost, ease of fabrication, and versati-
lity in material composition, including both natural (e.g., col-
lagen, alginate) and synthetic (ex: PEG, PAA) polymers, make
them widely used for in vitro models.** Hydrogels can be
tuned for stiffness, porosity, and degradation rate by adjusting
parameters like cross-linking density, pH, and temperature,
enabling customization for different tissue types.*****” They
also support the diffusion of soluble factors to promote cell
growth.*>** However, drawbacks include limited mechanical
strength, difficulty achieving uniform pore sizes, and reduced
suitability for load-bearing tissues.**

2.2.1 Collagen. Collagen-based hydrogels are widely used
in cancer and tissue engineering models due to their biocom-
patibility, biodegradability, and ability to mimic the native
ECM.* As the primary ECM protein, collagen supports cell
adhesion, migration, and signaling through cell-matrix inter-
actions, making it particularly relevant for modeling tumor
microenvironments.***”~>° Its mechanical properties, porosity,
and fiber density can be tuned by adjusting parameters such
as concentration, pH, temperature, and ionic strength.*?
However, as a natural material of animal origin, collagen
poses risks of batch variability and pathogen transmission,
and its limited stiffness and stability can restrict its use in
long-term or load-bearing applications.****>’

To simulate the tumor ECM, one study used a collagen-hya-
luronic acid (Col1-HA) scaffold to culture Ewing’s sarcoma (ES)
cells and compared EVs derived from this 3D tissue-engin-
eered (TE) model to those from 2D Col1-HA-coated plates, 3D
spheroids in polypropylene tubes, and patient plasma.®® Cells
were cultured for 7 days, and media was collected on days 3
and 7 for exosome isolation using the Total Exosome Isolation
Kit from Invitrogen.

Differences in total EV yields between 2D and 3D cultures
were not assessed, but NTA analysis revealed a denser distri-
bution of smaller exosomes in the Col1-HA scaffold, resem-
bling patient plasma-derived exosomes (Fig. 4A). The average
exosome mode sizes were 103.3 nm (2D culture), 76.7 nm
(Col1-HA scaffold), and 70 nm (human plasma), suggesting
that 3D structure, scaffold composition, or both influence
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Fig. 4 Characterizing exosomes in tissue-engineered tumours (A) size
analysis via NTA of exosomes derived from monolayer (ML) culture (n =
3), Coll-HA scaffolds (n = 6), and plasma of ES patients (n = 7). (B)
qRT-PCR quantification of EZH2 mRNA in exosomes from monolayer
culture and TE tumors on days 3 and 7. Reproduced from ref. 60 with
permission from Ivyspring International Publisher, © 2016.
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exosome size. Further comparisons with 3D spheroids in poly-
propylene and monolayer cultures on matrix-coated plates
showed that neither system replicated native exosome sizes,
emphasizing the necessity of both 3D architecture and matrix
composition to mimic physiological exosome characteristics.

The study examined exosomal cargo differences, focusing
on Polycomb histone methyltransferase EZH2 mRNA, a key
mediator of ES tumor growth and progression. qRT-PCR of
RNA from cells and exosomes revealed higher EZH2 mRNA
levels in Col1-HA scaffold-derived exosomes compared to those
from 2D culture, aligning with levels observed in patient
plasma (Fig. 4B). These findings suggest that exosomes from
the Col1-HA model could serve as potential ES biomarkers,
highlighting their role in EZH2 mRNA enrichment and reinfor-
cing the importance of using native-like experimental models
in cancer research. While Western blot analysis revealed an
increase in EZH2 protein in Col1-HA TE tumors and undetect-
able levels in 2D culture, exosomal proteomic cargo was not
assessed.

Finally, the study examined the transfer of EZH2 mRNA via
exosomes from Coll-HA tumor cells to MSCs in the bone
niche. After 12 hours, labeled exosomes were internalized by
hMSCs, significantly increasing EZH2 mRNA levels compared
to untreated hMSCs or those treated with hMSC-derived exo-
somes. The exosomes also impacted human osteoblasts
(hOBs) and osteoclasts (hOCs): while both cell types interna-
lized the exosomes, EZH2 levels remained unchanged in hOBs
but decreased in hOCs. These findings demonstrate that
EZH2 mRNA-loaded exosomes from Col1-HA scaffolds can
transfer to various bone niche cells with distinct effects,
though no comparisons were made to 2D cell culture.

ES cells cultured in a collagen-hyaluronate hydrogel pro-
duced a denser distribution of smaller exosomes, closely
resembling patient plasma-derived exosomes. These exosomes
were enriched with EZH2 mRNA, a key marker overexpressed
in ES, and they effectively delivered their molecular cargo to
various bone niche cells. Supporting this, a study comparing
EV production from human oral mucosa lamina propria-pro-
genitor cells (OMLP-PCs) in a collagen-based hydrogel versus
2D culture found that 3D culture significantly increased EV
concentration.® However, the 3D-derived EVs reduced skin
fibroblast proliferation relative to 2D-derived EVs, suggesting
functional differences driven by the culture environment.

2.2.2 Agarose. Agarose is a natural polysaccharide derived
from red algae, valued in biomedical applications for its
reversible temperature-sensitive gelation, mechanical stability,
and low cytotoxicity.®> As opposed to collagen which supports
cell adhesion, agarose functions as a non-adhesive scaffold
that supports spheroid formation by promoting cell-cell inter-
actions and preserving native cell morphology.®* Its porous
structure allows nutrient diffusion, and its properties can be
tuned through chemical modification.®” However, native
agarose has limitations, including poor adaptability to
complex biological environments, high gelation temperature,
and slow degradation, restricting its use in dynamic or long-
term systems.®” To evaluate its utility for EV production, one
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study compared EVs derived from human gastric cancer (hGC)
cells (MKN45 and MKN74) in 2D T175 flasks versus agarose
hydrogel microwell arrays.®® In 2D, cells were grown to 60-70%
confluence before switching to EV-depleted medium for
48 hours. In 3D, cells were seeded into custom agarose hydro-
gel microwell arrays, cultured for one day, then maintained in
EV-depleted medium for six days. EVs were isolated from the
conditioned media of both conditions using differential
centrifugation.

EV size and concentration were analyzed using TEM and
NTA, showing that 3D-derived EVs were generally smaller
(85-135 nm) than those from 2D cultures (100-180 nm). When
normalized to cell number, 3D cultures produced significantly
more EVs per cell: 1020 EVs per MKN45 cell and 1656 per
MKN74 cell, compared to 636 and 365 EVs per cell in 2D,
respectively. Imaging flow cytometry confirmed expression of
exosome markers CD9, Flotillin-1, and CD81 in both models,
with CD9 notably higher in 3D-derived EVs. These findings
suggest that hGC cells grown in 3D conditions produce EVs
more efficiently while maintaining marker
expression and exhibiting distinct characteristics.

RNA was extracted from cells and EVs using miRNA-specific
isolation kits, and qRT-PCR revealed a richer microRNA profile
in 3D cultures compared to 2D. A total of 164 miRNAs were
found in 3D-derived EVs and 104 in 2D-derived EVs, with 10
exclusively present in 3D-derived EVs and 4 unique to 2D-
derived EVs. Overrepresentation analysis of the 10 miRNAs
unique to 3D-derived EVs showed significant enrichment in
pathways associated with disease states, including lymphoma
and inflammatory responses, suggesting their potential roles
in these biological processes. Additionally, gene set enrich-
ment analysis of the 164 miRNAs in 3D-derived EVs identified
key cancer-associated signaling pathways, including p53,
MAPK, TGF-f, and RAS, further underscoring their association
with cancer-related mechanisms.

Proteomic analysis of EVs from 2D and 3D cultures using
liquid chromatography-tandem mass spectroscopy (LC-MS/
MS) identified 430 proteins across both culture conditions.
Unsupervised hierarchal clustering revealed that EV origin
(MKN45 and MKN74) and culture conditions (2D and 3D)
strongly influenced proteomic cargo, forming distinct clusters
based on these variables. Supervised clustering of the 20 most
differentially expressed proteins between 2D- and 3D-EVs
found that 17 of these proteins had decreased expression in
3D-EVs, indicating an overall downregulation of proteins in
the 3D condition. Protein set enrichment analysis highlighted
significant downregulation of ARF6 signaling pathways in EVs
from 3D cultures, suggesting alterations in membrane traffick-
ing and exosome biogenesis.

The association of EVs with recipient cells and their effect
on invasion were evaluated. PKH26-labeled EVs from 2D and
3D MKN45 cultures were co-incubated with MCF10A and
MKN45 cells for up to 30 minutes. Flow cytometry showed
greater uptake of 3D-derived EVs within the first 15 minutes,
indicating enhanced early interactions. Invasion assays using
Matrigel chambers demonstrated that cells treated with 3D-

exosomal
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derived EVs showed significantly increased invasive capacity
compared to those treated with 2D-derived EVs, suggesting a
stronger pro-invasive effect.

Cells cultured in agarose hydrogels produced significantly
more EVs per cell, which were smaller in size, enriched with
cancer-associated miRNAs, and exhibited ARF6 pathway protein
downregulation. These EVs also demonstrated stronger recipient
cell association and increased invasive potential, highlighting
their relevance for EV-based therapeutics and disease model-
ling. A similar study compared EV production between agarose
microwells and monolayer culture, using MSCs from Wharton’s
jelly of the umbilical cord (UC-MSCs).** While a comprehensive
analysis of EV yields, genomics, and functionality was not con-
ducted, the study reported similar morphological characteristics
and protein numbers between 2D- and 3D-EVs. Notably, 3D-
derived EVs were enriched in proteins associated with targeting
and localization. Another study using agarose microwells to
assess EV production from human adipose-derived stem cells
reported increased EV yield and a slight increase in EV size
compared to monolayer culture.® Spheroid-derived EVs were
enriched in wound-healing miRNAs (e.g., miRNA-21-3p) and EV
biogenesis genes (e.g., CD82), and demonstrated superior angio-
genic and wound-healing effects, achieving the highest degree
of wound closure on diabetic rat models.

2.2.3 Peptide. Peptide hydrogels are synthetic, self-assem-
bling materials composed of short peptide sequences that form
nanofibrillar networks resembling the ECM.””%® Typically
assembled through pH- or salt-induced supramolecular inter-
actions, they offer tunable properties ideal for 3D cell

culture.’”*®  Commercial formulations like PuraMatrix™,
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PGmatrix™, and HydroMatrix™ are based on amphiphilic pep-
tides that assemble into p-sheet structures with nanoscale pore
sizes, supporting soft tissue applications.’”*® Their key advan-
tage lies in design flexibility, as mechanical properties, porosity,
and bioactivity can be precisely controlled through peptide
sequence modifications.>”®® Unlike natural hydrogels (collagen,
agarose, alginate, Matrigel™), peptide hydrogels allow indepen-
dent tuning of biochemical and mechanical properties, offering
greater control and enhancing reproducibility.’”*® However, they
are often expensive, may lack long-term mechanical stability,
and are less suited for cultures involving highly contractile cells
or large-scale applications.”” To explore their utility in EV
studies, one investigation compared EV production from cervical
cancer cells cultured in 2D flasks versus 3D peptide hydrogels
across multiple time points.*” For 3D culture, cells were
embedded in a peptide PGmatrix™ hydrogel and maintained in
24-well plates. Cells from both conditions were grown in media
with 10% exosome-depleted FBS and EVs were collected at
defined time points using differential centrifugation and
220 nm filtration, with hydrogel samples mechanically disrupted
prior to centrifugation. EV isolation was performed using the
Qiagen ExoRNeasy kit for downstream RNA or DNA extraction.
NTA revealed a denser distribution of smaller EVs in 3D cul-
tures compared to 2D (Fig. 5B and D). EVs were collected at
6-hour intervals for 48 hours in 2D cultures and on days 5, 7,
9, 11, and 13 in 3D cultures, showing a three-fold increase in
EV secretion by day 9 in 3D cultures, while EV secretion in 2D
cultures declined (Fig. 5A and C). qRT-PCR of exosomal and
patient plasma RNA showed 96% similarity between 3D-
derived EVs and cervical cancer plasma EVs, while 2D cultures

3D Hela cell culture medium
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Fig. 5 EV production in 2D cell culture versus 3D peptide hydrogel cell culture. NTA comparing the EV secretion rates at timed intervals between
2D (A) and 3D (C) cultures, with live cell counting (n = 3). SEM imaging of EVs from 2D (B) and 3D (D) cultures showed typical cup-shaped mor-
phology (~100 nm). (B & D) EV size and concentration, measured by NTA (n = 5). (E) Spearman correlation matrix of DNAseq reads for 2D- and 3D-
derived EV DNA samples. Biological replicates (1 and 2) displayed complete correlation (100%), while 2D- and 3D-derived EV DNA samples demon-
strated over 95% similarity. Reproduced from ref. 67 under a Creative Commons Attribution 4.0 International License. © 2019, Springer Nature.
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showed only 80% similarity to in vivo profiles. Several miRNAs
present in 3D culture and patient plasma EVs were absent in
2D-derived EVs, including cancer-related biomarkers. EV DNA
analysis via Spearman’s correlation revealed highly consistent
protein-coding gene abundances across EVs in 2D and 3D cul-
tures (Fig. 5E). Non-coding DNA regions analyzed by HOMER
showed high similarity between 2D- and 3D-derived EV
samples, indicating that EV DNA content remains stable
across culture environments.

The peptide hydrogel scaffold produced a denser distri-
bution of smaller EVs, with secretion increasing alongside cell
confluency and RNA profiles closely resembling plasma-
derived EVs. No differences were observed in EV DNA between
the two conditions. Notably, this study is among the few to
compare secretion dynamics between the 2D and 3D cultures
at multiple time points.

2.2.4 Matrigel™. Matrigel™ is a basement membrane-like
membrane material containing ECM components such as col-
lagen IV, laminin, and fibronectin, which undergoes gelation
at 37 °C.%®7! Derived from mouse sarcoma, it is one of the
most widely used 3D cell culture platforms due to its ability to
support cell differentiation, migration, and organoid for-
mation.*? Its bioactivity and ease of use make it a standard
tool in cancer and developmental biology.** However, its
animal origin leads to batch-to-batch variability and undefined
concentrations of growth factors, which can impact reproduci-
bility and experimental control.***” EVs derived from primary
glioblastoma (GBM) cells cultured in 3D Matrigel™ scaffolds
were compared to those from 2D culture flasks.>® 3D cell
models were created by embedding GBM cells in Matrigel™
and culturing on an orbital shaker to prevent attachment.
Culture supernatants were collected, spun at 200g for
5 minutes, and stored at —80 °C. Two different isolation tech-
niques were used to extract EVs from each supernatant
sample, precipitation (PP) and immunoaffinity (IA). For IA, the
supernatant was centrifuged, vortexed with microbeads, incu-
bated on an overhead rotor, and passed through a magnetic
column with multiple washes. EVs were then eluted with iso-
lation buffer. For PP, the supernatant was centrifuged, mixed
with a precipitation buffer, incubated at 4 °C, and centrifuged
again. The pellet was resuspended in resuspension buffer
before storing at —80 °C.

NTA measured EV sizes and concentrations, revealing
similar size distribution in EVs from both 2D and 3D cultures
for both isolation methods. However, the 3D PP method
yielded a significantly higher EV concentration (6.03 x 10% +
1.08 x 10® particles per mL) than the 2D IA approach (1.25 x
10% + 2.97 x 107 particles per mL). Flow cytometry confirmed
expected tetraspanin enrichment in both 2D- and 3D-derived
EVs, with CD81 and CD63 present in ~60% of isolates and
CD9 in ~20%. TSG101 was detected in ~90% of PP-isolated
EVs from both conditions. Additionally, GBM-related markers
CD44 and C1QA were found in ~30% of EVs, with no signifi-
cant differences between 2D and 3D cultures.

EV RNA was analyzed via smallRNA-Seq, showing a higher
prevalence of the miRNAs in 3D-derived EVs, regardless of the
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isolation method. Of the 1964 EV-miRNAs identified, principal
component analysis (PCA) clearly distinguished between the
2D and 3D cultures and the two isolation methods. Twelve
miRNAs significantly altered in 3D cultures compared to 2D,
with nine miRNAs downregulated and three upregulated.
Notably, miR-23a-3p, which promotes glioblastoma invasion,
was significantly upregulated in 3D, while miR-7-5p, which
counters glioblastoma malignancy, was significantly downre-
gulated. Additionally, four miRNAs, miR-323a-3p, miR-382-5p,
miR-370-3p, and miR-134-5p, found within the cancer-linked
DLK1-DIO3 region, were also identified in 3D EVs. Proteomic
analysis of EVs from six GBM models using IA purification and
LC-MS/MS identified 462 proteins in 3D-derived EVs, 423 in
2D, with 105 shared. Sixteen proteins were differentially
expressed in 3D EVs, and pathway analysis revealed changes in
GTPase signaling, immune regulation, and stress response
pathways.

Overall, the 3D Matrigel™ scaffold enhances EV secretion
from GBM cells, with similar size and marker expression to 2D
cultures, while enriching genomic and proteomic cargo associ-
ated with critical GBM signaling pathways.

2.2.5 Alginate. Alginate, a plant-derived polysaccharide
from brown algae, forms hydrogels via ionic crosslinking with
divalent ions like calcium.?” Like agarose, it is biocompatible,
non-toxic, and widely used in 3D cell culture to support spher-
oid formation and maintain rounded cell morphology.>” Both
create non-adhesive, nutrient-permeable environments;
however, alginate’s ionically crosslinked structure allows easier
dissolution and greater versatility in cell encapsulation and
recovery, whereas, agarose requires thermal cycling for gelation
and dissolution, limiting its compatibility with live cell recov-
ery.”” Commercial products such as AlgiMatrix™ provide
ready-to-use, highly porous alginate scaffolds that support
long-term cell viability and enable gentle recovery through
chelation.***” Despite this, native alginate lacks cell-adhesive
motifs and must be chemically modified (e.g., with RGD pep-
tides) to promote attachment.®” One EV study compared the
production of EVs from BM-MSCs cultured in a coaxially bio-
printed alginate hydrogel microfibre to those cultured in a 2D
petri dish.”> The 3D system was created using coaxial extru-
sion, where a dual-layer coaxial needle simultaneously deli-
vered a cell suspension core and alginate solution shell into a
3% calcium chloride crosslinking pool, inducing rapid gela-
tion and forming hollow, cell-laden microfibres. EVs from 2D
and 3D culture were isolated by differential ultracentrifugation
from the collected chemical-defined media.

Tunable resistive pulse sensing (TRPS) revealed no signifi-
cant differences in the sizes of EVs derived from 3D compared
to 2D cultures. However, TRPS quantification revealed that the
3D hollow-fibre system enriched EV production by 1009-fold
and yielded a ~13-fold increase in EV secretion per cell.
Proteomic analysis via LC/MS revealed significantly higher pro-
teomic enrichment in 3D exosomes compared to 2D, identify-
ing 1082 high-abundance proteins in EV samples, with 1023
from 3D cultures and 605 from 2D cultures. Of these, 536 pro-
teins were shared (49.1%), while 487 were unique to 3D exo-
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somes (44.6%) and 69 unique to 2D exosomes (6.3%).
Exosomes derived from 3D cultures were enriched in proteins
related to metabolic pathways, ribosome functions, and
protein processing. Additionally, EVs from both groups were
tested for angiogenic properties using a tube formation assay,
where vessel endothelial cells were seeded on Matrigel. Both
2D- and 3D-derived EVs significantly promoted capillary-like
network formation, as evidenced by increased branching
length and node number.

These findings suggest that the microfiber-based hydrogel
not only enhances EV production and proteomic cargo but
also preserves angiogenic potential. Supporting these findings,
one study used a sodium alginate-hyaluronic acid composite
hydrogel and reported a ~3-fold increase in EV production
compared to 2D culture.”> EVs derived from the 3D hydrogel
also demonstrated significantly greater therapeutic efficacy
than those from 2D cultures, including enhanced cell prolifer-
ation and migration, reduced cartilage degradation, and
improved cartilage defect repair.

2.3 Scaffold-based 3D models: rigid/fibrous scaffolds

Rigid or fibrous scaffolds, made from natural or synthetic
materials, provide superior mechanical strength, stiffness, and
wear resistance compared to hydrogels.®””* Their intercon-
nected pore and fiber structures influence nutrient diffusion,
cellular migration, vascularization, and ECM deposition,
making them particularly useful in modeling load-bearing
tissues such as bone, cartilage, and muscle.**”* Fabrication
techniques like electrospinning and 3D printing enable
precise customization for specific applications.”* However,
limitations include poor reproducibility with traditional fabri-
cation methods, difficulty achieving uniform pore distribution,
and limited suitability for soft tissue applications.** Moreover,
some rigid scaffolds may hinder deep cellular infiltration or
introduce stress conditions that affect cell behavior and EV
cargo composition.**

2.3.1 Synthetic scaffolds. A study explored how the archi-
tecture and surface composition of 3D-printed scaffolds influ-
ence the therapeutic potential of osteoblast-derived EVs for
bone repair, in comparison to 2D cultures.””> Titanium
scaffolds with triangular (T) or square (S) shapes and pore
sizes of 500 pm (500) or 1000 pm (1000) were created using
selective laser melting and coated with nano-needle hydroxy-
apatite (nnHA). MC3T3 pre-osteoblasts (pre-OBs) and
BM-MSCs were seeded on the scaffolds (2 x 10> cells per
scaffold), cultured dynamically at 8 rpm, and incubated in
osteogenic medium. EVs were isolated from 14-day cultures by
differential centrifugation, washed, and resuspended in PBS
for further analysis.

Isolated EVs were analyzed using TEM, which confirmed
their spherical morphology, consistent across scaffold- and
2D-cultured osteoblast-derived EVs. EV size distribution was
measured by Dynamic Light Scattering (DLS), showing an
average diameter of ~200 nm, though size differences between
culture models were not calculated (Fig. 6A). Total EV protein
concentration was measured using a BCA assay, while ELISA
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quantified CD63-positive particles, an EV-specific marker.
Both values were normalized to cell number. EVs from both
culture systems expressed positive EV surface markers, but
ELISA revealed an over 3.4-fold increase in CD63-positive par-
ticles from scaffold cultures compared to the 2D cultures
(Fig. 6B). Similarly, scaffold-derived EVs showed a significant
increase in protein content (over 1.32-fold, P < 0.01) relative to
2D-derived EVs (Fig. 6C). Among the 3D culture variants,
T1000 scaffolds produced the highest EV yields (CD63+ par-
ticles) with the most enhanced protein content.

Intracellular calcium content, known to influence EV bio-
genesis, was measured using a calcium colorimetric assay kit
and found to be significantly higher in scaffold-cultured cells
compared to 2D-cultured cells (over 9.1-fold, P < 0.001)
(Fig. 6D), with the T100 scaffold showing the highest levels.
The osteogenic potency of scaffold-derived EVs was assessed
by measuring alkaline phosphatase (ALP) activity in BM-MSCs.
Significant increases in ALP activity were observed in EVs from
3D scaffolds compared to 2D cultures, except for the
S$1000 model, with T500-EVs inducing the highest ALP activity
(Fig. 6E). Additionally, scaffold-derived EVs were evaluated for
their impact on extracellular matrix formation and mineraliz-
ation in BM-MSCs by measuring collagen production and
calcium deposition. While overall differences between 2D and
3D cultures were not statistically significant, individual 3D
models showed notable variation, with T500-EVs driving the
greatest increases in both collagen levels (Fig. 6F) and
calcium deposition (Fig. 6G). Lastly, the effects of the nnHA
coating on EV production were assessed by comparing
uncoated and nnHA-coated scaffolds. The coating resulted in
a 2.6-fold increase in osteoblast mineralization and a 4.5-fold
increase in EV production (P < 0.001). This enhancement is
likely due to elevated intracellular calcium levels and a more
biomimetic microenvironment, both of which promote
vesicle secretion.

This study compared 2D and 3D cell cultures while also
investigating variations among different 3D scaffolds, high-
lighting how scaffold properties influence EV production.
Overall, the rigid 3D scaffold enhanced EV yield, enriched
protein content, and improved the osteogenic potential of EVs,
including their ability to promote osteoblast mineralization.
Triangular pore designs demonstrated the most significant
enhancements, and while the ideal pore size for EV production
remains uncertain, larger pores (1000 pm) notably increased
EV yields.

Another study using 3D-printed hydroxyapatite scaffolds
investigated differences in EV production from human umbili-
cal vein endothelial cells (HUVECS) cultured on 3D scaffolds
versus 2D culture.”® The findings revealed that the 3D-cultured
EV group exhibited higher EV yields as demonstrated through
enhanced exosome marker expression, elevated VEGF and
CD31 mRNA and protein levels, and superior proliferative,
migratory, and angiogenic effects.

2.3.2 Natural scaffolds. The impact of BM-MSC derived
exosomes from collagen scaffolds (3D-Exos) versus monolayer
culture flasks (2D-Exos) on spatial learning in traumatic brain
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injury (TBI) rat models was investigated.”” The 3D scaffold con-
sisted of Ultrafoam scaffolds which were fabricated by cutting
sterile, commercially sourced collagen type I hemostatic
sponges (Avitene Ultrafoam) into 5 mm diameter, ~5 mm
thick discs. These porous, water-insoluble scaffolds are derived
from purified bovine corium collagen treated with hydro-
chloric acid. After cells in both conditions reached 60-80%
confluence, the conventional culture media was replaced with
media containing exosome-depleted FBS. The cells were then
cultured for 48 hours before collecting the media for exosome
isolation. Exosomes were isolated using the ExoQuick-TC pro-
tocol, which involves incubating the collected media with the
reagent for 12 hours, followed by centrifugation to pellet the
exosomes.

While this study did not characterize the exosomes in
terms of yield, size, or genomic cargo, they did assess the EV
protein content and execute several in vivo functionality tests
on TBI rat models. Using the BCA assay, it was found that the
3D scaffold produced approximately twice the amount of exo-
somal protein compared to 2D culture (168.5 + 11.2 pg vs. 84.7
+ 5.5 pg, p < 0.05). Functional outcomes were evaluated using a
modified Morris Water Maze (MWM) test on days 31-35 post-
injury. Rats treated with 3D-Exos demonstrated significantly
improved spatial learning, spending more time in the target
quadrant and locating the hidden platform faster than those
in the Exo-2D and liposome-treated groups (p < 0.05). Beyond
cognitive improvements, the Exo-3D group also exhibited
increased numbers of newborn mature neurons in the dentate
gyrus and reduced neuroinflammation, as shown by lower
levels of reactive astrocytes and activated microglia. These find-
ings underscore the enhanced therapeutic potential of 3D-
derived exosomes for promoting both cognitive recovery and
neural repair after TBI.

Another study using a natural fibrous scaffold examined
how silk fibroin woven scaffolds affected the cargo and func-
tionality of exosomes derived from human dermal microvascu-
lar endothelial cells (HDMVECs).”® Compared to 2D cultures,
exosomes from the 3D scaffold carried significantly higher
levels of angiogenic factors, including IL-1a, angiopoietin-1
and -2, MMP-1, and uPAR. Functionally, these 3D-derived exo-
somes more effectively promoted tube formation by HDMVECs
in vitro, demonstrating enhanced pro-angiogenic potential.
Together, these studies support the use of natural fibrous
scaffolds to enrich EV proteomic content and improve their
functional bioactivity.

2.4 Scaffold-based 3D models: bioreactors

Contrary to the previous static 3D platforms, bioreactors are
dynamic 3D culture systems that provide an optimal and con-
trolled environment, through techniques such as perfusion,
wave-motion, stirred tanks, and vertical wheels.?” These
systems can also incorporate microcarriers into the
culture.”®® Bioreactors offer key advantages such as enhanced
standardization and reproducibility, scalability for large-scale
cell expansion, and precise control over experimental con-
ditions to study cellular responses.®' The drawbacks of using
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these systems include the high cost, complexity of the equip-
ment, and flow limitations such as shear stress.®*

2.4.1 Perfusion systems. In perfusion systems, cells within
the bioreactor are continuously fed with fresh medium, elimi-
nating waste and depleted medium, while ensuring a constant
supply of nutrients and carbon sources.®® This approach offers
several benefits, including limited turbulence, a compact
setup, and potential for automation.’* However, shear forces
from continuous flow may impact cell viability and differen-
tiation, which must be carefully managed depending on the
application.®!

2.4.1.1 Hollow-fibre bioreactor. Hollow-fibre bioreactors
feature semi-permeable fibres bundled in a tubular shell,
allowing cells to grow on the outside while media continuously
flows through the fibre lumen.?” One study compared EV pro-
duction from UC-MSCs cultured in a hollow-fibre bioreactor
versus 2D flasks and assessed their impact on acute myocardial
infarction (AMI).** UC-MSCs were grown in culture media with
10% FBS. For 2D culture, passage 6 cells were plated in T75
flasks. For 3D culture, cells were seeded in the external space
of a FiberCell hollow-fibre bioreactor. After 24 hours, the
medium was replaced with EV-depleted medium in both
systems. Glucose levels were monitored in the bioreactor and
medium was refreshed upon a 50% drop. EVs were collected
after 48 hours of culture in EV-depleted medium, isolated via
sequential centrifugation, filtration, and ultracentrifugation,
and further purified with a wash and a second ultracentrifugation.

NTA and TEM revealed no significant differences in EV
sizes from 2D (139.2 nm) and 3D cultures (135 nm), but NTA
showed that 3D culture-derived EVs had a significantly higher
nanoparticle count per volume. Over 30 days, 3D culture
yielded 8.21 times more EVs than 2D from the same cell media
volume. Functional studies demonstrated that 3D culture-
derived EVs had enhanced cardioprotective effects both in vitro
and in vivo. In rat H9c2 cells subjected to hypoxia, EVs from
the bioreactor significantly reduced apoptosis, as indicated by
lower percentages of apoptotic cells and reduced caspase 3/7
and propidium iodide (PI)-positive staining detected by flow
cytometry. Additionally, EVs from 3D culture promoted
increased angiogenesis in hypoxic HUVECs, evidenced by
greater tubular structure formation. Anti-inflammatory effects
were also more pronounced with 3D cultured EVs, which
reduced inflammatory cytokines like TNF-a and IL-1f, as well as
iNOS expression in LPS-stimulated RAW264.7 cells. In a rat AMI
model, treatment with the bioreactor-produced EVs significantly
reduced infarct area, improved left ventricular ejection fraction
(LVEF) and fractional shortening (LVFS), and enhanced overall
cardiac function compared to EVs from 2D culture. These find-
ings suggest that 3D-EVs provide superior cardioprotective
effects and improve cardiac function post-AMI.

This hollow-fibre bioreactor system enhanced EV pro-
duction, yielding sizes comparable to those from 2D culture,
and significantly improved cardioprotective effects both
in vitro and in vivo. Supporting this, two other studies compar-
ing EV secretion from hollow-fibre bioreactors to monolayer
cultures using UC-MSCs also found increased EV secretion,
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with no significant differences in size, alongside enhanced
functional effects, such as improved anti-inflammatory
activity.®>®® Furthermore, a study comparing HEK293-derived
EVs from 3D hollow-fibre bioreactors and 2D cultures reported
significantly higher EV secretion with similar EV sizes between
the two conditions.®”

2.4.1.2 3D-printed scaffold perfusion bioreactor. EV pro-
duction from human dermal microvascular endothelial cells
(HMDECs) was compared across a 3D-printed scaffold per-
fusion bioreactor system, a static scaffold, and a 2D system.®®
The scaffold, printed from a biocompatible acrylate material,
was designed to enhance nutrient and gas exchange. Cells
were seeded onto gelatin-coated scaffolds for both the
dynamic perfusion and static conditions and cultured into T75
flasks for the 2D condition. EVs were collected from the con-
ditioned media of all three conditions after 24 and 48 hours,
and isolated using differential centrifugation followed by
passage through a sterile 0.2pm filter.

NTA revealed that the size distributions of EVs were similar
across all three culture conditions and remained consistent
between both collection time points, with 90% of EVs between
40-200 nm. NTA also demonstrated a significant increase in
EV production in the bioreactor culture, with an approximately
100-fold increase on day 1 (p < 0.0001) and a 10 000-fold
increase on day 3 (p < 0.0001) compared to both the static
scaffold and flask controls. CD63 ExoELISA further confirmed
the enhanced EV production in the bioreactor culture com-
pared to the flask, though only a ~14-fold increase was
observed. Protein quantification by BCA assay showed that
total EV yield in the Bioreactor (~1000 pg) was significantly
higher than the flask (~150 pg) and scaffold (~400 pg) cultures
at both collection time points. However, protein content per
EV was inversely correlated with EV production rates, as Day 1
and 3 bioreactor-derived EVs exhibited more than 15-fold (p <
0.001) and 70-fold (p < 0.001) reductions in total protein
content per EV, respectively, compared to 2D culture. An
in vitro gap closure assay was also conducted to evaluate the
bioactivity of HMDEC-derived EVs by measuring endothelial
cell migration following the introduction of a gap in the mono-
layer using a pipette tip. The results indicated no significant
difference in gap closure between HDMECs treated with basal
media alone and those treated with EVs from any culture
condition.

These results suggest that the dynamic culture conditions
of this perfusion scaffold bioreactor enhance EV yields, produ-
cing vesicles of similar size to those derived from 2D culture.
However, the protein content appears compromised, and no
significant differences in wound healing effects were observed
in the EV-treated HMDECs. Similarly, a study comparing MSC-
derived EVs from a 3D-printed scaffold perfusion bioreactor
and conventional 2D culture reported a ~40-80-fold increase
in EV production, with comparable EV morphology and size.®
While protein content per EV was also reduced in this study, a
wounded mouse model, showed that EVs from the perfusion
bioreactor significantly enhanced wound healing compared to
2D-derived EVs. A third study further supported these results,
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demonstrating a 67-fold increase in EVs per cell and a 2.14-
fold reduction in protein per EV, while preserving biological
function through enhanced fibroblast and keratinocyte
migration.”

2.4.2 Wave-motion bioreactor. Wave-motion bioreactors
use a rocking motion to create waves that agitate and gently
mix the cell culture media, facilitating effective oxygenation
and nutrient transfer, while minimizing shear stress.”*> They
are compatible with versatile single-use bags, which simplify
setup and reduce contamination risk.®* However, their limited
scale-up potential may restrict use in large-manufacturing
applications.®! The impact of a wave bioreactor versus 2D cell
culture on BM-MSC derived EVs (MSC-EVs) was investigated.”?
To prepare 3D cell cultures, cells were seeded in ULA 6-well
plates and cultured dynamically on a rocking platform in a
wave bioreactor under controlled shear stress to form aggre-
gates (100-300 pm diameter) over 18-72 hours. For EV collec-
tion, the culture media was replaced with EV-depleted FBS media
and incubated for 2 days. The conditioned media was collected,
and EVs were isolated via ultracentrifugation and polyethylene
glycol (PEG) precipitation, followed by resuspension in PBS and a
final centrifugation at 10 000g before storage at —80 °C.

NTA measured the size distribution and particle concen-
tration of EVs, revealing that 3D culture produced two-fold
more EVs per cell than 2D culture (Fig. 7A), with smaller mode
sizes for 3D (100 nm) compared to 2D (155 nm). TEM con-
firmed the morphology and size distribution, showing smaller
average sizes for 3D-MSC-EVs (55 nm) compared to
2D-MSC-EVs (75 nm) and the presence of exosome-like vesicles
(Fig. 7B and C). Western blot analysis detected higher levels of
exosomal markers, including Alix, Flotillin-2, CD81, and CD63,
in 3D-MSC-EVs. miRNA profiling indicated significant upregu-
lation of miR-21-5p (26-fold), miR-1246 (5.2-fold), and miR-22-
3p (2.5-fold) in 3D-MSC-EVs (Fig. 7D). LC/MS identified 1254
shared proteins, with 102 unique to 3D-MSC-EVs and 6 unique
to 2D-MSC-EVs (Fig. 7E). Differentially expressed protein (DEP)
analysis showed 618 upregulated proteins (49.3%) in
3D-MSC-EVs compared to 122 (9.7%) in 2D-MSC-EVs, with
enrichment in pathways related to cell adhesion, extracellular
matrix (ECM) interactions, and neurodegenerative diseases.
Notably, the total protein content per 10° EVs was significantly
lower in 3D-derived EVs compared to 2D-derived EVs (Fig. 7F),
likely reflecting the smaller size of EVs in the 3D group.

This study also compared the immunomodulatory, wound
healing, and anti-senescence effects of EVs derived from 2D-
and 3D-cultured hMSCs, revealing distinct functional pro-
perties. Both EV types reduced pro-inflammatory cytokines
(TNF-a, IL-6, IL-12f) in LPS-stimulated macrophages, but
neither induced clear M1/M2 polarization, as confirmed by
mRNA profiling (Fig. 7G). 2D-hMSC-EVs elicited a greater
increase in indoleamine 2,3-dioxygenase (IDO) activity in IFN-
y-licensed hMSCs (14.3-fold) compared to 3D-hMSC-EVs (8.5-
fold) and the untreated control (5.9-fold), indicating stronger
immunomodulatory potential in this assay. However, 3D-
hMSC-EVs more significantly suppressed CD8+ and CD4+
T cell proliferation and enhanced wound healing (Fig. 7H),
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Fig. 7 Properties and functionality of MSC-derived EVs from 2D and 3D cell culture (A) EV production rates per cell in 2D and 3D cultures over two
days, measured via NTA (n = 6). (B) EV size (n = 150) and (C) size distribution analyzed from TEM imaging. (D) miRNA expression levels in EVs quan-
tified by gRT-PCR (n = 3). (E) Total protein content in EVs (n = 3). (F) Venn diagram of differentially expressed proteins (DEPs) in 2D versus 3D-EVs
based on LC/MS proteomic analysis. (G) Expression of M1 and M2 macrophage markers following LPS stimulation and EV treatment (n = 3). (H)
Percentage of wound closure in human fibroblasts after EV treatment (n = 3). () p-Galactosidase (B-Gal) activity in senescent MSCs (P12) treated
with EVs (n = 3). (J) Reactive oxygen species (ROS) levels n BM-MSCs after EV treatment. (K) Mitochondrial membrane potential (MMP) in senescent
MSCs (P10) evaluated with flow cytometry after EV treatment (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. Reproduced from ref. 93 under a Creative
Commons Attribution 4.0 International License. © 2022, John Wiley & Sons, Inc.

reduced senescence (lower p-Gal activity) (Fig. 71), decreased
ROS levels (Fig. 7]), and maintained mitochondrial fitness in
higher-passage hMSCs (Fig. 7K). These effects correlated with
distinct molecular cargo differences identified through multi-
omics analysis, including increased miRNA-21 levels, LDL-
associated proteins (e.g., APOE, HDLBP), and ROS-scavenging
proteins.

The wave motion bioreactor cultures cells that enhance EV
production, generating EVs with superior cargo and functional
properties, particularly for immunomodulation, tissue repair,
and anti-aging therapies.

2.4.3 Microcarrier-based bioreactors.
small spherical beads (100-300 pm) that serve as scaffolds for
adherent cells, allowing their attachment and growth in sus-
pension-based dynamic systems like bioreactors.>”** They can
be made from synthetic or natural materials, and vary in poro-
sity and surface properties, such as charge, hydrophilicity, and

Microcarriers are

This journal is © The Royal Society of Chemistry 2025

ECM coatings.?”°* Solid microcarriers support adherence and

expansion of cells, while microporous types, offer protection
from shear forces in the bioreactor system, such as stirred-
tank cultures.”> However, these porous microcatriers may
present diffusion limitations for nutrients and oxygen, poten-
tially leading to necrotic regions in cells deep within the
microcarrier.”®

2.4.3.1 Microcarriers in a vertical wheel bioreactor. A vertical
wheel bioreactor features a vertically oriented impeller wheel
within a chamber that generates controlled mixing, promoting
uniform hydrodynamic forces.’®®” This design ensures an
even distribution of nutrients, gases, and cells, while minimiz-
ing turbulence and shear stress.”®®” Such conditions are
optimal for cell aggregation, leading to efficient spheroid for-
mation.”” A study compared EVs secreted from BM-MSCs cul-
tured on microcarriers in a vertical wheel bioreactor to those
from conventional 2D flasks.*® BM-MSCs, initially grown in 2D
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to 80% confluence, were seeded statically onto Synthemax II
Microcarriers in the bioreactor at 4600 cells per cm?. After
adhesion, the bioreactor rotation was set at 25 rpm, increased
to 35 rpm after 72 hours, and media was replenished. On day
5, collection media was added, and EVs were harvested after
72 hours. Cells and media were processed to isolate EVs using
ultracentrifugation, with the final EV sample resuspended in
PBS and stored at —80 °C.

NTA revealed similar EV size distributions between 2D and
3D cultures, with average diameters of 139.13 nm and
146.86 nm, respectively. While not statistically significant due
to limited replicates (n = 4), 3D cultures produced 28 times
more EVs per mL than 2D. ExoView analysis showed signifi-
cantly higher expression of CD81 and CD9 in 3D culture-
derived EVs. 3D cultures yielded 6.47 x 10° CD81" and 2.17 x
10® CD9" particles per mL, compared to 3.67 x 10” and 3.09 x
107 in 2D, respectively. 3D-EVs also exhibited higher tetraspa-
nin copy numbers and more triple-positive exosomes, indicat-
ing greater molecular diversity and protein enrichment.

To assess neuroregenerative effects, trigeminal ganglia (TG)
neurons were treated with EVs from 2D and 3D cultures. After
five days, neurons were stained for f3-tubulin and imaged via
confocal microscopy. Neurite growth was quantified using
Neurolucida software. Compared to 2D-EVs, 3D-EVs signifi-
cantly enhanced neurite elongation (3301.5 pm vs. 1860.5 pm,
P < 0.05) and complexity, with Sholl analysis showing a seven-
fold increase in total neurite length (14588.2 pm vs.
2243.96 pm, P < 0.05). Bright-field imaging also revealed more
extensive neurite sprouting in 3D-EV-treated cultures.

The microcarriers in the vertical wheel bioreactor promote
increased secretion of EVs with enhanced surface marker
expression and neuroregenerative properties. These findings
underscore the superior neuroregenerative potential of micro-
carrier-produced EVs.

2.4.3.2 Microcarriers in a stirring spinner flask. Spinner
flasks are cylindrical vessels designed for suspension-based
cell culture, providing gas exchange through side arms with
loose screw caps and mixing via a non-suspended magnetic
stir bar.”® A study compared EV production from UC-MSCs cul-
tured on Star-Plus microcarriers in spinner flasks versus con-
ventional 2D flasks, while also evaluating two EV isolation
methods, tangential flow filtration (TFF) and ultracentrifuga-
tion (UC).”® Cells were seeded at a density of 8000 cells per
cm?® on 3.2 g of microcarriers in 250 mL flasks stirred at 36
rpm. A pump circulated the medium through membranes with
specific pore sizes to selectively remove smaller particles while
retaining larger particles in the system. After cell attachment,
cultures were switched to serum-free, xeno-free medium. For
TFF, conditioned media were filtered through a 200 nm mem-
brane to eliminate large vesicles and particles, concentrated 9
times using 500 kDa size exclusion hollow fiber filter, and con-
tinuously replenished with PBS to compensate for volume loss
before sterile filtration, yielding exosomes suspended in PBS.

NTA and TEM confirmed similar size distributions of exo-
somes across all groups, regardless of culture or isolation
method. However, yields differed significantly. Using conven-
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tional UC, 3D cultures produced 20 times more exosomes than
2D and combining 3D culture with TFF further increased yield
7-fold, resulting in a 140-fold total exosome yield increase over
the 2D UC method. Additionally, Bradford protein assays
revealed that exosomes from 3D cultures had 2-4 times more
proteins per vesicle compared to those from 2D (P < 0.0001).
Specifically, 3D-UC and 3D-TFF exosomes had 0.9 x 10° and
1.23 x 10° particles per mg of protein, compared to 2.6 x 10°
and 4.0 x 10° for 2D-UC and 2D-TFF, respectively, suggesting
higher protein content per vesicle in 3D-derived samples.

To assess exosome functionality, cortical neurons were
incubated with siRNA-loaded exosomes from all conditions for
7 days to evaluate Huntingtin gene silencing. Huntingtin mRNA
levels were measured using the QuantiGene 2.0 assay kit and
normalized to Hprt. 3D-TFF-exosomes were 5 times more
effective at transferring siRNA and silencing Huntingtin in
neurons than 2D-UC-exosomes (p < 0.0001), while no significant
differences were observed among 3D-UC-exosomes, 2D-TFF-exo-
somes, and 2D-UC-exosomes. To examine vesicle uptake,
neurons were treated with fluorescently labeled siRNA-loaded
exosomes from each condition. Neurons absorbed significantly
more fluorescent siRNA-loaded 3D-TFF- and 3D-UC-exosomes
than 2D-UC- and 2D-TFF-exosomes (p < 0.0001). This indicates
that the culture conditions of the parent cells significantly influ-
ence exosome uptake by neurons. While vesicle uptake alone
does not directly account for Huntingtin silencing efficacy, the
enhanced uptake of 3D-TFF-exosomes likely contributes to their
superior performance in silencing Huntingtin.

The microcarriers in a stirring spinner flask significantly
increased EV yields and favoured the production of protein-
dense vesicles. Incorporating the TFF isolation method further
amplified these effects and enhanced EV uptake by recipient
cells compared to other conditions, potentially improving
therapeutic efficacy.

2.5 Summary of 3D cell culture models and their impact on
EVs

Table 1 provides a summary of recent 3D cell culture models,
detailing key aspects such as the subtype (e.g. spheroids), plat-
form (e.g. non-adherent 96-well plates), cell line, and their
impact on EVs compared to 2D cell culture, including EV yield,
morphology, genomic and proteomic analysis, and functional-
ity. Most 3D models demonstrate higher EV concentrations
with enriched molecular cargo and enhanced functionality,
underscoring their capacity to better mimic in vivo conditions
and their potential utility in diagnostic and therapeutic
application.

3. Discussion & future perspectives

This review has explored recent studies comparing 3D
cell culture models with conventional 2D cultures, focus-
ing on their effects on EV production and properties.
Across these studies, almost all reported a significant
increase in EV concentrations when employing 3D
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enhanced  neuroregenerative  and  wound  healing
properties,8:63:65:72.73,75-80,85,86,89,90.93 Hawever, three studies
reported reduced functionality or dysfunctionality of 3D-
derived EVs.***>°! Two studies used spheroid culture to aggre-
gate MSCs,"®>> while another employed a collagen hydrogel to
culture human oral mucosal lamina propria-progenitor cells.®*
Reduced functionality in these cases may stem from limit-
ations in the culture systems, such as impaired nutrient and
oxygen diffusion in spheroid or static culture, leading to meta-
bolic stress and altered exosome cargo. Moreover, the collagen
hydrogel model may have restricted cell behavior due to its
material properties, limiting the production of functional exo-
somes and reducing their therapeutic potential. These find-
ings highlight the need to optimize spheroid size, scaffold
materials, and culture conditions to maximize the therapeutic
efficacy of EVs.

Overall, this review supports the transition from 2D to 3D
culture systems for higher yield and more physiologically rele-
vant EV research and production. 3D cultures offer higher
yields, comparable or more physiologically relevant EV mor-
phology, enriched genomic and proteomic cargo, and
enhanced functionality. However, each type of 3D model pre-
sents distinct strengths and limitations that must be carefully
considered based on research context.

Scaffold-free 3D models, such as hanging-drop or ULA
plates, facilitate spheroid formation and cell-to-cell inter-
actions, often resulting in enhanced EV yield and enriched
miRNA or proteomic cargo.*>*>*%3> These systems are simple
and cost-effective, making them suitable for high-throughput
applications. However, these models lack ECM components
and dynamic mechanical cues, limiting their ability to fully
recapitulate the native microenvironment. Additionally, varia-
bility in spheroid size, limited nutrient diffusion in larger
aggregates, and challenges in long-term culture can impact EV
quality and consistency.*®>*

Scaffold-based 3D models wusing natural hydrogels
(e.g., collagen, Matrigel™, alginate, agarose) more closely
mimic ECM architecture and biochemical composition, sup-
porting enhanced EV secretion and bioactive cargo
loading.?>%¢1637273 For example, collagen-based scaffolds
have been shown to enrich EVs in tumor-associated mRNAs,*°
while Matrigel™ cultures produce EVs expressing invasion-
associated miRNAs.”> However, natural hydrogels suffer from
batch-to-batch variability, limited tunability, and inconsistent
mechanical properties, which may affect reproducibility.

Synthetic hydrogels, such as peptide-based matrices, offer
improved reproducibility and tunability of porosity, stiffness,
and degradability. Their ability to independently control
mechanical and biochemical cues makes them ideal for study-
ing how specific microenvironmental cues affect EV pro-
duction and cargo loading. EVs produced in synthetic peptide
hydrogels show increased secretion and enhanced similarity as
reflected by their size and genomic cargo.®” However, their
limited bioactivity, higher cost, and potential instability over
extended culture periods remain challenges for broader
adoption.

This journal is © The Royal Society of Chemistry 2025
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Rigid and fibrous scaffolds, including 3D-printed
scaffolds and natural fibrous scaffolds, offer structural integ-
rity and mechanical properties suitable for modeling load-
bearing tissues. These scaffolds allow for cell attachment,
migration, and sustained culture, which can support long-
term high-yield production of EVs with enhanced
functionality.”>”® Studies have shown that scaffold geometry
and fiber orientation can influence EV yield and bioactivity,
with aligned fibers or specific pore shapes enhancing osteo-
genic or angiogenic potential.”> However, rigid scaffolds
often lack the bioactivity of hydrogels and may limit cell-
matrix remodeling, while their fabrication and material pro-
perties may restrict adaptability for soft tissue models. They
are particularly useful for bone, cartilage, and musculoske-
letal applications where mechanical strength and architec-
ture are essential.

Dynamic 3D systems, such as perfusion and microcarrier-
based bioreactors, represent some of the most advanced plat-
forms for EV production. By enabling continuous nutrient and
oxygen delivery along with mechanical stimulation, these
systems can drastically enhance EV yield, with some studies
reporting up to a 10000-fold increase compared to 2D
culture.®® EVs derived from bioreactors have also consistently
demonstrated improved therapeutic efficacy, including
enhanced neuroregenerative and wound-healing effects
in vivo.”>8%84°86,8879093 However, these systems are more
complex and expensive to operate, requiring careful optimiz-
ation of parameters such as flow rate, scaffold architecture,
and media exchange. Additionally, several studies reported
reduced protein content per EV,**°%% possibly due to shear
stress or flow-induced membrane shedding, suggesting that
bioreactors may be less suitable for applications requiring
protein-rich vesicles unless these variables are tightly
controlled.

In summary, no single model is universally superior; rather,
the choice depends on the specific application. For high-
throughput EV profiling or mechanistic studies, scaffold-free
3D systems offer a practical compromise between simplicity
and relevance. For studies requiring tissue-specific EV cargo or
therapeutic potency, scaffold-based and bioreactor models are
more appropriate. Understanding the strengths and limit-
ations of each system is essential for standardizing EV research
and translating in vitro findings into clinically meaningful
outcomes.
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